Abstract Based on a transmission line code, a circuit model is proposed that could serve as the basic method for the analysis of linear transformer driver (LTD)-based accelerators. By using 1 MA, 100 kV LTD cavities, the peak load current is optimized for a total of N cavities between 500 and 1200. The simulation results suggest that, with the same number of cavities, the peak current changes obviously with the types of combinations, and the maximum change can be as large as 1.2 MA. The results also show that, for the cases considered, the optimized peak current as a function of the total number of cavities agrees with the exponential associate, and the peak current for one level LTD cannot be enhanced infinitely. Furthermore, it is found that, to obtain a 20 MA peak load current, at least 1029 LTD cavities (49 in series and 21 in parallel connection) are needed. Finally, the typical parameters of the optimized design are compared to those of the existing Z accelerator.
Introduction
Modular LTD-based pulsed-power systems [1, 2] have been proposed for versatile transmission lines and a wide range of applications, including z-pinch [3] , flash radiography [4] , and excimer lasers [5] for inertial fusion energy. With an LTD design, there are no pulseforming networks. Therefore, this technology may offer an attractive alternative to traditional Marx-generator systems, such as one currently being used in the 55-TW Z accelerator [6] at the Sandia National Lab.
In recent years, the conceptual design for the LTDbased refurbishment and upgrade of the Saturn accelerator [7] has been proposed at the Sandia National Lab. They used 12 modules of 20 cavities each (a total of 240 cavities) to produce a total current of about 12 MA. However, in a recent design of a petawatt-class z-pinch accelerator [8] , 210 modules of 60 cavities each were used to obtain a total current of about 75 MA (12600 cavities in total). Both designs need a large number of cavities, which exceeds the cost limit of the system. So, methods to reduce the cost of these cavities or the number of cavities required could have a significant impact on the total cost of the machine.
In this paper, by using a circuit model, a method is proposed and described in detail for optimizing the cavity combination of an LTD-based accelerator. A limited set of equations is established. In addition, by using this model, the optimizations of the LTD cavity combination for a 20 MA LTD-based accelerator are investigated.
Circuit model
For the discussion below, it is assumed that the LTDbased accelerator architecture consists of an LTD section, an impedance transmission line, and a vacuum section. Fig. 1 shows the equivalent analytic circuit model of the three sections. The model described in this section is accurate to, at most, first order.
Models of an LTD module
In this model, an LTD module and its associated internal coaxial transmission line are approximately modeled as a single series RLC circuit that drives a constant-impedance transmission line [9∼11] . This model, which is correct to first order, ignores losses due to the LTD's magnetic cores, which is not addressed herein. Fig.1 Equivalent circuit of a LTD-based accelerator. Cequ, Lequ, and Requ are the equivalent capacitor, inductance, and resistance of the LTD section respectively. L stack is the total inductance of the vacuum section. R load is the resistance of the load, and L load is the inductance of the load Calculations and analyses made in this paper are all based on the 1 MA, 100 kV cavity described in Ref. [2] . Parameters of the LTD cavity are as follows [2] :
where C cav , L cav , and R cav are the equivalent capacitor, inductance, and resistance, respectively, of an LTD cavity. d cav is the diameter of the space required by an LTD cavity. Z out is the output impedance of an LTD cavity. With a matched load, the output voltage and current of an LTD cavity are as shown in Fig. 2 . 
Models of the impedance transformer
Based on a transmission line code, the whole impedance transformer is equivalent to a number of fixed length transmission-line elements with constant impedance. Each element's impedance is set to the geometric mean of the element's input and output impedance. As the impedance profiles are composed of "stair steps", the simulation accuracy is greatly dependent on the step length. It is found that reasonably accurate results can be obtained when the twoway transit time of each element equals the rising time of the forward-going voltage wave [12] . And this circuit model has been used for analysing the transmission-line impedance transformer of petawatt-class pulsed power accelerators in our previous report [13] . For the calculations below, the transformer impedance profile is assumed to be an exponential profile, which has been found to be more efficient [14] . In an exponential profile, the fractional change in impedance per unit length is constant [15] , which can be expressed
Models of the vacuum section
As indicated by Fig. 3 in Ref. [8] , the vacuum section of an accelerator such as Z consists of an insulator stack, a vacuum flare, an outer magnetically insulated vacuum transmission line, a post-hole convolute, and an inner MITL. For the calculations below, these components are equivalent to an integrated inductance L stack . However, in order to minimize the probability of insulator-stack flashover and to reduce damage to the MITL anode due to deposition of the MITL electronflow current, the total inductance L stack increases with an increase in the stack voltage. Thus, dynamic inductance L stack is used in this model, and the minimum value of L stack required for reliable accelerator operation is approximately given by the following empirical relation [16] 
where V s is the peak stack voltage and the unit is V.
As the Z-pinch load is changing during the explosion process, it is not yet clear how to optimize the parameters of the load. Recently, E. M. WAISMAN and colleagues [17] pointed out that, when the load peak current changed from 11.6 MA to 19.1 MA, the stagnated pinches have a resistance of 0.1∼ 0.4 Ω and an inductance of 3.65∼4.43 nH. Simulation results show that the parameters of the load have a great influence on the peak load. So, accurate calculations of the load parameters are required for further designs, which are dependent mainly on the development of a 3D magnetohydrodynamic (MHD) model. Here, we conservatively assume that the load inductance L load is 5 nH, the load resistance L load is 0.15 Ω, and the values remain constant in the simulation. The LTD-based accelerator architectures used here are cited from Fig. 3 in Ref. [8] . The architecture includes an LTD section, a water section, and a vacuum section. The LTD section encircles the water section, which in turn encircles the vacuum section. The three sections have cylindrical geometries, and are concentric. The outer diameter of the accelerator's LTD section is determined by the length of each LTD module l mod , the number of modules n mod , and the number of LTD levels n t . In the same way, the length of each LTD module is determined by the length of each LTD cavity l cav and the number of cavities per module n cav . The water section consists of n t stacked monolithic radial-transmission line impedance transformers, with triplate geometries. It is assumed that the transformer has an exponential impedance profile. The LTD modules launch an electrical-power pulse at the input to the transformer. A radially converging power pulse subsequently propagates in the transformers toward the vacuum section, which is located at the center of the accelerator. Thus, the parameters for a 20-MA LTDbased accelerator can be expressed as
where r out is the radius of the insulator stack (which is also the output radius of the transformer), r in is the input radius of the transformer, Z in is the input impedance of the transformer and N is the total number of cavities. Here, for the 20 MA LTD-based accelerator design, we assume that all the modules lie at one level (n t =1). Calculations have indicated that the peak load current is insensitive to the length of the transformer line, and that the longer the transformer is, the more dissipative losses in the dielectric and electrodes would be [13] . So, r in here is set just according to the minimum dimensions needed for the arrangement of the LTD modules.
Maximizing the load current can be easily realized by decreasing the output impedance of the transformer, but it is limited by the electric field near the output port of the transformer. To minimize the probability of water-breakdown, it is required that the peak value of the mean electric field E out at the output port satisfies the following relations [18] E out τ 0.33
where
and h out is the anode-cathode (AK) gap at the output of the transformer, τ out is the full width of the voltage pulse (at the output) at 63% of the peak.
For an accelerator with a radial-transmission-line transformer, the anode-cathode gap h out is a function of the output impedance Z out , which can be given as
where ε r is the relative electric constant of water, and r stack is the radius of the insulator stack. However, in order to construct a system of equations, it is necessary to obtain the peak stack voltage. Recently, W. A. STYGAR and colleagues pointed out that the peak stack voltage is a function of the peak current I and τ out , which are related as [16] V s = (4.54 × 10
It is obvious that I and τ out are functions of the inductance L stack and parameters of the whole circuit. Thus, it is impossible to deduce a general analytical expression for the optimization of the cavity combination. Here, based on the equivalent circuit model shown in Fig. 1 and a series of equations described above, a numerical method for the optimization of cavity combination is proposed, as shown in Fig. 3 .
For an arbitrary number N , it can be factorized as n cav and n mod by Eq. (11) (with the limitation that each LTD module has the same n cav ). And with the initial values of d cav , Z out and n t , Z in and r in are determined by Eq. (9) and Eq. (10) individually. Then, by using the circuit model described in section 2, the values of V s , I, and τ out can be calculated numerically. And a calculated value L stack,cal is obtained by Eq. (7) . While the dispersancy between the initial value of the L stack and the calculated one is larger than 0.5 nH, dynamic L stack is sought for the balance between the stack voltage V s and the total inductance L stack . Then, with the value of L stack obtained, the output impedance Z out is adjusted circularly (0.005 Ω per cycle) until E out agrees to 1% with 1.13×10
5 . Finally, with both Eq. (7) and Eq. (12) perfectly satisfied, the optimized load current would be calculated numerically for an idiographic combination of n cav and n mod .
Various combinations are optimized for the total number of cavities N between 500 and 1200, and the results are shown in Fig. 4 . It is found that with the same number of cavities, the peak current changes obviously with the kinds of combinations, and the maximum change can be as large as 1.2 MA. The maximum load current occurs when the input and output impedance of the transformers are perfectly combined under a series of limitations discussed above. Furthermore, it is likely that both the maximum peak current and minimum peak current as a function of N agree with the exponential associate, which can be expressed as 
where x is the number of cavities, I max is the maximum peak current, and I min is the minimum peak current. According to Eq. (16), with 4200 cavities, the peak current can be as large as 28.49 MA, which is larger than 25 MA per level as obtained in Ref. [8] . It also indicates that for the cases considered above, the peak load current cannot be enhanced infinitely for the limitation of the vacuum inductance and output impedance of the transformer.
The simulation results also show that, to obtain a 20 MA peak current, at least 1029 LTD cavities as described in Ref. [2] (49 in series and 21 in parallel connection) are needed. Typical parameters of the design are compared to those of the exciting Z accelerator, as shown in Table 1 . In addition, the time-dependent stack current, stack voltage, and stack energy are presented in Fig. 5 . Fig.4 Peak current as a function of the total number of cavities N between 500 and 1200 (a). Three-dimensional distribution of the peak current under different kinds of cavity combinations (b). The solid line is the maximum peak current with different N , and the dash line is the minimum peak current with different N . n mod is the number of LTD modules. ncav is the number of LTD cavities per module, which is limited to less than 61 The rising time of load current (0.1∼0.9) (ns) 95 82
The input impedance of transformer (Ω) 0.48 0.2333
The output impedance of transformer (Ω) 0.48 0.3330 
Conclusions
According to the discussion above, several conclusions can be drawn as follows:
a. The optimized load current as a function of the total number of cavities N seems to agree with the exponential associate. And the current cannot be enhanced infinitely for designs with one level LTD.
b. To obtain the peak load current of 20 MA, at least 1029 cavities (49 in series and 21 in parallel connection) are needed.
c. To enhance the load current, increasing the number of LTD levels is effective, and properly increasing the diameter of the insulator stack may be applicable. However, this model still has some limitations, in addition to those already discussed above. It does not include the current losses due to hysteresis of the LTD's magnetic cores, transformers, and vacuum section. For further research, current losses in these components need to be considered.
